Abstract Left ventricular-assist devices (LVADs) are used to supply blood to the body of patients with heart failure. Pressure unloading is greater for counter-pulsating LVADs than for continuous LVADs. However, several clinical trials have demonstrated that myocardial recovery is similar for both types of LVAD. This study examined the contractile energy consumption of the myocardium with continuous and counter-pulsating LVAD support to ascertain the effect of the different LVADs on myocardial recovery. We used a three-dimensional electromechanical model of canine ventricles, with models of the circulatory system and an LVAD. We compared the left ventricular peak pressure (LVPP) and contractile ATP consumption between pulsatile and continuous LVADs. With the continuous and counter-pulsating LVAD, the LVPP decreased to 46 and 10%, respectively, and contractile ATP consumption decreased to 60 and 50%. The small difference between the contractile ATP consumption of these two types of LVAD may explain the comparable effects of the two types on myocardial recovery.
Introduction
For patients with end-stage heart failure (HF), left ventricular-assist devices (LVADs) are used as a bridge to transplantation [1, 2] or destination therapy [3] , restoring normal cardiac output and blood pressure. An LVAD may also help myocardial function to recover, as myocardial recovery with LVAD support has been documented clinically on the basis of reduced left ventricular mass [4, 5] and heart chamber size [5, 6] , improved mitral filling [7] , and regression of cardiomyocyte hypertrophy [6, 7] .
A variety of studies have compared the hemodynamic benefits of continuous versus pulsatile LVAD pumps [8] [9] [10] . A pulsatile LVAD provides greater ventricular unloading in the pressure and volume of the left ventricle (LV) than the continuous variety, because of counter-pulsation, i.e. the synchronization of the pumping phase with the LV contraction [11, 12] . Nevertheless, myocardial recovery is comparable for both types [13] . This indicates that pressure and volume unloading may not be the main factors underlying myocardial recovery, and other effects of LVADs should be considered to determine the best LVAD strategy to optimize recovery.
In addition to the pressure and volume unloading, reduction in myocardial energy consumption is an important aspect of myocardial recovery. Therefore, to compare the performance of pulsatile and continuous LVADs in respect of myocardial recovery, it is important to quantify the reduction in the contractile energy consumption of the myocardium during LVAD support. However, experimental methods [14] to document and evaluate myocardial energy consumption throughout the ventricular volume are hampered by low spatiotemporal resolution. Computational modeling is an alternative approach that overcomes this limitation.
We have previously developed a computational model of LVAD support, and showed that a pulsatile LVAD under counter-pulsation conditions provided more pressure unloading and coronary perfusion than did a continuoustype LVAD [11] . However, heart function in the model was represented by a time-varying capacitance, making it was impossible to quantify the changes in the local contractile energy consumption of the myocardium. We recently developed a three-dimensional (3D) electromechanical model of failing canine ventricles together with a lumped model of the circulatory system [15, 16] . In this study, we combine the electromechanical model with a lumped model of an LVAD to investigate changes in the contractile energy consumption of the myocardium with continuous and with counter-pulsating LVAD support to ascertain the effects of different LVADs on myocardial recovery.
Methods
To construct an integrated model of an LVAD implanted in the cardiovascular system, we combined the 3D imagebased electromechanical model of failing canine ventricles [15] with a lumped model of the circulatory system and LVAD function [11] . A schematic diagram of the integrated model is shown in Fig. 1 .
3D finite-element (FE) electromechanical model of the failing heart
The electromechanical model has two dynamic components, electrical and mechanical, as described previously [15] . Physiologically, as an electrical wave propagates through the heart, depolarization of each myocyte initiates release of calcium (Ca) from intracellular stores. This is followed by binding of the Ca to troponin C and crossbridge cycling. The cross-bridge cycling forms the basis for contractile protein movement and the development of active tension in the cell, resulting in deformation of the ventricles.
The electrical component of the model simulates the propagation of a wave of transmembrane potential by solving the monodomain equations on the electrical mesh. This equation describes the current flow through cardiac cells that are connected electrically, enabling representation of a continuum. The current flow in the tissue is driven by active ion exchange across myocyte membranes. These processes are represented by the canine ionic model of Fox et al. [17] . Simultaneous solution of the partial differential equation (PDE) for the electrical conduction model and the set of ordinary differential equations (ODEs) for the ionic model represents simulation of electrical wave propagation in the heart. A Ca transient serves as an input to the cell myofilament model representing the generation of active tension within each myocyte, in which a set of ODEs and algebraic equations describe Ca binding to troponin C, cooperativity between regulatory proteins, and cross-bridge cycling. Contraction of the ventricles results from the active tension generation represented by the model of myofilament dynamics of Rice et al. [18] . Deformation is described by the equations of passive cardiac mechanics, with the myocardium being an orthotropic, hyperelastic, and nearly incompressible material with passive properties defined by an exponential strain-energy function. Simultaneous solution of the myofilament model equations with those representing passive cardiac mechanics on the mechanical mesh constitutes simulation of cardiac contraction.
To take into account remodeling of the passive electromechanical properties associated with HF, changes were made to the electromechanical model. First, electrical conductivities were reduced by 30%, allowing for a total electrical activation time of 150 ms, according to the experimental results of Helm et al. [19] . To account for the increased stiffness of the failing myocardium, the passive scaling constant in the strain-energy function was increased fivefold [20] . Finally, to introduce systolic dysfunction, the peak of the calcium transient function ([Ca](t) of Eq. 55 in the myofilament model of Rice et al. [18] ) which served as an input, was reduced to 70% of the normal value (Fig. 2a) , and the time constant s 2 was Fig. 1 Schematic diagram of the finite-element ventricular electromechanical model coupled with the circulatory and LVAD models. P RV RV pressure, V RV RV volume, P LV LV pressure, V LV LV volume, R PA pulmonary artery resistance, C PA pulmonary artery compliance, R PV pulmonary vein resistance, C PV pulmonary vein compliance, R MI mitral valve resistance, C LA left atrium compliance, R AO aortic valve resistance, R SA systemic artery resistance, C SA systemic artery compliance, R SV systemic vein resistance, C SV systemic vein compliance, R TR tricuspid valve resistance, C RA right atrium compliance, R PU pulmonary valve resistance reduced by 30% of the normal value. This resulted in a calcium transient with a reduced peak and prolonged relaxation rate, which are the key features of the remodeled Ca transient in HF (Fig. 1D and 2C in O'Rourke et al. [21] ). Figure 2b -d shows the simulated cellular tension, shortening, and contractile ATP consumption rate in normal and failing cardiomyocytes under isotonic contraction (10 kPa). The failing cardiomyocyte had a 42-ms delay in reaching the maximum tension, contracted 50% less, and consumed 55% less ATP than the normal cell under isotonic contraction. Here, the ejection fraction of the failed canine ventricle was approximately 14%.
The geometry of the failing canine ventricles was obtained from ex-vivo high-resolution magnetic resonance (MR) images. The unloaded volumes of the LV and right ventricle (RV) were calculated as functions of the degrees of freedom of the endocardial surface nodes using the divergence theorem. The unstressed volumes of the LV and RV were 69 and 46 ml, respectively. Fibers and laminar sheet structures were reconstructed from diffusion tensor (DT) MR cardiac images of the failing ventricles [15, 22] . The numerical methods for solving the equations of the electromechanical model have been described elsewhere [15, 23] .
Combining the FE electromechanical model with the circulatory and LVAD models Previously, we combined the FE electromechanical model of the failing ventricles with the lumped model of the circulatory system [15] . We also combined the full cardiovascular system model with the LVAD pump model [11] . The LVAD component was connected to the electromechanical and circulatory models through the inlet in the LV, and the outlet was attached to the aorta in the circulatory model. Briefly, the LVAD component was modeled as a flow generator with a specific mean flow rate of 40 ml/s for both continuous and pulsatile LVADs. Constant-flow conditions were used to simulate the continuous LVAD. In a previous study [11] , the flow waveform of the pulsatile LVAD was taken from data measured for a specific pulsatile pneumatic LVAD to simulate the pulsatile LVAD. In contrast, in this study we used a harmonic function for the temporal waveform of the pulsatile LVAD in order to use a more general waveform for the various pulsatile LVADs. The flow waveform of the pulsatile LVAD using the harmonic function was calculated as follows: 
The maximum flow rate, A, is 125 ml/s, which was calculated for the mean flow rate of 40 ml/s. The corresponding flow waveforms are shown in Fig. 3 . The ATP consumption rate is normalized by the peak ATP consumption rate under normal conditions. HF denotes a heart failure patient J Physiol Sci (2012) 62: 11-19 13 Contractile ATP consumption of the myocardium The contractile energy consumption of the myocardium was quantified by calculating the contractile ATP consumption in the myofilament model of Rice et al. [18] . The contractile ATP consumption rate, E, per unit volume was calculated as a function of the ATP-consuming crossbridge detachment rate (g xbT ) and the single overlap fraction of thick filaments (SOVF Thick ),
where g xbT , which indicates the ATP-consuming detachment transition rate, and SOVF Thick , which indicates the single-overlap fraction of the thick filament, were functions taken from the original myofilament model of Rice et al. [18] . Then, g xbT can be derived as:
The term xbmod species scales all cross-bridge cycling rates to account for species-based differences (0.2 for canines). The temperature dependence of g xbT (Qg xb ) is set to a default Q 10 value of 6.25. The term g xbT had strain dependence in the rate modifier gxbmd, defined as:
where r p and r n set the effects of strain for positive and negative shortening velocities, respectively; x 0 is the distortion of the cross-bridge head; xXB PostR is the mean distortion of states XB PostR , which is the probability of transition to post-rotated force-generating status. The ATPconsuming detachment transition rate g xbT is proportional to gxbmd, which depends on the strain of the cross bridges, and in turn, this strain depends on the velocity of contraction (for details see Rice et al. [18] ). Finally, we calculated the ATP consumption distribution by integrating the ATP consumption rate with time for 600 ms and the ATP consumption of the entire ventricle by spatially integrating the local ATP consumption through the entire ventricular volume.
Simulation procedure Ventricular contraction of the failing heart was simulated without an LVAD and with continuous and pulsatile LVAD support. For all simulations, the duration of the entire cardiac cycle was 600 ms. For the pulsatile LVAD, the pumping timing relative to activation of the ventricles was varied from 0 to 600 ms in 30-ms steps to find the optimum counter-pulsation condition. The contractile ATP consumption of the ventricle and pressure and volume unloading were calculated in each case and compared between continuous and pulsatile LVADs.
Results

Ventricular unloading in pressure and volume during LVAD support
Flow waveforms of the pulsatile and continuous LVADs and the LV inflow are shown in Fig. 3 . All blood entered the LV through the mitral valve and exited via the LVAD, not through the aortic valve, because the LVAD provided full support. The period between mitral valve opening and closing was longer with counter-pulsating LVAD support (Fig. 3a) than with continuous LVAD support (Fig. 3b) .
The areas under the LV inflow curves under the continuous and counter-pulsating LVAD conditions were the same (24 ml); this was used as the LV stroke volume. Figure 4a -c illustrates the temporal pressure variation in the LV and systemic arteries for the three cases studied. In the model of HF without an LVAD (Fig. 4a) , the mean arterial pressure was approximately 55 mmHg with 4-mmHg pulse pressure, which is inadequate for providing sufficient blood to the peripheral organs. The LV peak pressure (LVPP) was similar to the systolic arterial pressure. When the continuous LVAD was applied, the LVPP decreased to 32 mmHg (46% of the value for HF without an LVAD), whereas the arterial pressure greatly exceeded the LVPP, reaching 95 mmHg, which is in the normal range for canine blood pressure (Fig. 4b) . The counter-pulsating LVAD generated a much lower LVPP (5.7 mmHg, 10% of the value for HF without an LVAD) and almost the same mean arterial pressure as the continuous-mode LVAD (Fig. 4c) . For both types of LVAD, the ventricular pressure was always lower than the arterial pressure; therefore, the aortic valve was closed during the entire cardiac cycle, and all the blood left the ventricles through the LVAD. Figure 4d shows the relative values of the LVPP, normalized by the value derived for HF without LVAD support, as a function of the delayed pumping time. The delayed pumping time on the x-axis is defined by the moment when the LVAD starts pumping blood out of the ventricle at the beginning of LV contraction. In the case of continuous LVAD pumping, the LVPP (normalized for the value for HF without an LVAD) was maintained at 0.46. From 180 to 420 ms, the LVPP for the case with a pulsatile LVAD was less than that for the continuous LVAD. Specifically, the pressure unloading effect ofthe pulsatile LVAD was maximum near 300 ms, which is part of diastole. The ventricular pressure waveform at 300 ms is depicted in Fig. 4c . These results are consistent with experimental results and simulations using the lumped model [11, 12] , which found that the LV pressure decreased dramatically with LVAD support and that this reduction was more significant with the counter-pulsation LVAD.
Figure 5a-f shows active tension and the corresponding fiber strain at different wall depths of the LV free wall for the three cases studied: without LVAD support (Fig. 5a, b) , with continuous LVAD support (Fig. 5c, d) , and with counter-pulsating LVAD support (Fig. 5e, f) . The active tension and end-diastolic strain decreased with LVAD support, especially with counter-pulsating LVAD support. Additionally, the active tension and fiber enddiastolic strain were highest at the endocardium and lowest at the epicardium; this trend was reported in a previous paper [15] . Figure 5g shows the pressure-volume curves for the three cases studied. No isovolumic contraction period was observed for both cases with LVAD support (dotted and dashed lines in Fig. 5g) ; this is because the LVAD ejected blood from the LV even during the period when both the mitral and aortic valves were closed. The pressure-volume curves shifted to the left and downward, and the end-diastolic volume decreased by 8 ml, indicating that the LVAD results in ventricular volume unloading by reducing the end-diastolic volume. The difference between the end-diastolic and end-systolic LV volumes was 16 ml for the counterpulsating LVAD and 9 ml for the continuous LVAD. In general, with no LVAD support, the LV stroke volume can be calculated by subtracting the end-systolic LV volume from the end-diastolic LV volume. However, with LVAD support, the LV stroke volumes cannot be calculated in the same way-the real stroke volume of the LV supported by an LVAD is 24 ml, which was calculated by integrating the flow waveform through the mitral valve (Fig. 3) . The LVAD pumps blood from the LV without considering the ventricular pumping status. The LVAD even pumps blood from the LV during the ventricular filling period; specifically, the continuous LVAD pumps blood all the time at a constant rate of 40 ml/s (Fig. 3) . This is why the stroke volume of the LV supported by an LVAD is not as same as the difference between the enddiastolic and end-systolic volumes of the LV.
Ventricular unloading assessed by myocardial energy consumption
Figure 6a-c shows the calculated transmural distribution of the contractile ATP consumption rate at end systole for HF without an LVAD (Fig. 6a) , the model with the LVAD operating in continuous pumping mode (Fig. 6b) , and that operating in counter-pulsating mode (Fig. 6c) . The contractile ATP consumption decreased significantly in the presence of either LVAD, especially with the counter- pulsating LVAD support. The contractile ATP consumption of both ventricles as a function of the pulsatile LVAD pumping timing is shown in Fig. 6d . The values for contractile ATP consumption were normalized using those from the case with no LVAD support. Compared with the case of HF without an LVAD, contractile ATP consumption decreased by 40% with continuous LVAD support and by as much as 50% with counter-pulsating LVAD support. Although the ATP consumption curves for the three cases were similar (in overall trend) to the LVPP curves (Fig. 4d) , the effect of the counter-pulsatile LVAD on the LVPP was much more pronounced than the effect of the counter-pulsatile LVAD on contractile ATP consumption. Specifically, the counter-pulsating LVAD was 36% more effective in reducing the LVPP than was the continuous LVAD, but only 10% more effective in reducing contractile ATP consumption by the myocardium.
Discussion
This study used a sophisticated computational approach to compare the effect of continuous and pulsatile LVADs on ventricular unloading. The main findings were that: 1. pressure unloading is greater with a pulsatile LVAD than with a continuous LVAD; 2. reductions in end-diastolic volume were the same for both LVADs; 3. both LVADs resulted in significant decreases in contractile ATP consumption; and 4. the difference between reduction of contractile ATP consumption in the two LVAD modes was much smaller than the difference between the reduction in LVPP in the two modes.
The electromechanical model presented here is a new approach for understanding the benefits of LVADs, particularly in regard to hemodynamics and the contractile energy consumption of the myocardium. To our knowledge, this is the first image-based electromechanical model coupled to a detailed representation of an LVAD system. The model also features a new formulation of contractile ATP consumption by the local myocardium that is based on myofilament dynamics. Moreover, we incorporate an anatomically accurate geometry of the failing canine heart and physiologically accurate modifications to both the electrical and mechanical properties of the ventricles to reflect the electromechanical remodeling associated with HF.
Both LVAD types reduced LVPP, end-diastolic LV volume, and contractile ATP consumption significantly. However, under optimum counter-pulsating conditions (300-ms pumping time in Figs. 4d, 6d) , the reduction in the LVPP with the continuous LVAD was 36% less than that with the pulsatile LVAD, whereas the reduction in contractile ATP consumption with the continuous LVAD was only 10% less than that with the pulsatile LVAD. This stems from the fact that the working myocardium consumes energy when the ventricles contract and that a fraction of this energy is not affected by pressure unloading irrespective of the type of LVAD. Our simulation results demonstrate that approximately 50% of the total energy consumed in each cycle by the failing heart is transformed into end-systolic potential energy stored in mechanical deformations of the ventricular walls. Suga et al. [24] showed experimentally for the normal canine heart that this fraction can be estimated as approximately 20% of the total energy consumed. The fraction is greater for the failing heart because of the reduced active tension. The end- systolic potential energy is calculated by subtracting the external mechanical work, the quasi-rectangular area within the pressure-volume loop trajectory, from the ventricular systolic pressure-volume area [24] .
This study found that the contractile ATP consumption varied transmurally. In general, the sarcomere length affects the density of effective cross-bridges and therefore the contractile force; this is known as the Frank-Starling law of the heart. Therefore, a longer sarcomere length results in greater contractile ATP consumption because of the greater density of the attached cross bridges in myocytes, as expressed in Eq. 3. Previously, we demonstrated that myofibers in the endocardium have greater end-diastolic lengths than myofibers in the mid-myocardium and epicardium [15] . Figure 5 also shows that the end-diastolic strain and active tension of the endocardial sarcomere is greatest, irrespective of the type of LVAD support. This explains why contractile ATP consumption by the endocardium was greater than that at the mid-wall or epicardium (Fig. 6a-c) . In the absence of LVAD support, greater dependence of fiber strain on depth in the wall (Fig. 5 ) was observed in this study than in the previous reports by Ashikaga et al. [25] and Rodriguez et al. [26] . However, several conditions in our model were different from those in their experiments. First, our model was based on a failed heart whereas they used an intact canine heart. Second, we used the unloaded state of LV as the reference condition for strain calculation in this study, but end-diastolic volume was regarded as the reference in the previous experiments.
The pumping timing of the pulsatile LVAD affected the LVPP and contractile ATP consumption. The pulsatile LVAD performed better than the continuous LVAD in reducing the LVPP and contractile ATP consumption during the effective counter-pulsation period, as shown in Figs. 4d, 6d, whereas it performed worse outside of this range, i.e., with co-pulsation. Therefore, it is important to synchronize the pumping phase of a pulsatile LVAD with the LV as counter-pulsation.
Clinical implications
The reduction in the LVPP, i.e., the pressure unloading, has been used clinically for estimation of myocardial recovery during LVAD support [27] . The reduction in contractile ATP consumption, i.e., the energy unloading effect, is more directly related to cardiac recovery than are the ventricular pressure and volume unloading. It is well known that the intracellular ATP concentration in the failing heart decreases because of reduced capability of ATP production by mitochondria [28] . This can induce plasma membrane permeabilization and cell rupture, easily causing necrosis. Therefore, the decrease in ATP consumption as a result of LVAD support helps the failing myocardium to recover by suppressing the decrease of intracellular ATP concentration. Besides, according to the experiment of Lee et al. [29] , the decrease in ATP consumption as a result of LVAD support results in reduced oxygen consumption by mitochondria and helps myocardium recovery by suppressing further ischemic damage. Our study found that the counter-pulsating LVAD resulted in less energy unloading than pressure unloading. Unlike the contractile ATP consumption, the reduction in the LVPP may not predict myocardial recovery accurately. Moreover, the finding that contractile ATP consumption differed by less than 10% for the two LVAD types might explain the comparable myocardial recovery for patients with continuous and counter-pulsating LVADs in clinical trials [13] . However, there is another possibility that the change of mechanical stress induces long-term cellular remodeling which could affect myocardial function and, eventually, clinical outcome [13] .
Limitations
We used an image-based electromechanical model of failing canine ventricles. Previous studies of myocardial recovery resulting from LVAD use were performed for patients whose ventricular geometry, fiber architecture, and hemodynamics differ from those of canine ventricles [4] [5] [6] . Also, we considered only the contractile ATP consumption of the myocardium, although ATP is used in other ways, for example by sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA), plasma membrane Ca 2? -ATPase (PMCA), and Na pumps. Last, to reduce modeling complexity we did not implement the coronary circulation. However, these limitations are not expected to greatly alter the main findings of this study.
